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Abstract 
Automatic brushing with and without commercial 
dentifrice containing calcium hydrogenphosphate as an 
abrasive, commonly available in Japan, was performed 
on the tangential ground surfaces of sound enamel and 
dentin in human young premolar teeth with loading of 
about 120 g for 10 minutes in vitro. Their brushed sur-
faces were observed with a scanning electron and a scan-
ning laser microscope. Brushing with abrasive denti-
frice caused rough surfaces to appear and the abrasion of 
the enamel and the dentin was measured to be about 0.1 
and 1.5 µm/min in mean depth, respectively. Under 
brushing with only distilled water, however, the enamel 
surfaces remained intact while the dentin surfaces 
became smoother. 
Key Words: Human sound teeth, enamel, dentin, auto-
matic brushing, abrasive dentifrice (toothpaste), abra-
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Introduction 
Abrasion of human dentin brushed with abrasive 
dentifrice or toothpaste has been elucidated by many 
investigators [l, 4, 7-10, 13, 19, 21, 30]. However, 
there are only a few reports on the effects of brushing 
human tooth enamel [14, 20, 30]. 
Mannerberg [20] reported that prism structures 
appeared on the surface of the intact enamel when brush-
ing with abrasive dentifrice. Stookey and Muhler [30] 
reported a slight abrasion of the enamel by brushing with 
dentifrices containing alumina, calcium carbonate, cal-
cium hydrogenphosphate, and dicalcium phosphate dihy-
drate (brushite) as abrasives. From a cosmetic stand-
point, Kliippel et al. [14] reported that enamel abrasion 
was obviously the major factor in achieving a good 
cleaning effect, and commercial tooth-pastes containing 
silica and alumina as abrasives could be developed with 
high cleaning power and low dentin abrasion. However, 
these investigators [14, 20, 30] have not directly meas-
ured such abrasion in volume, weight and depth. 
rn preventive dentistry, brushing of the cervical 
regions of human teeth with abrasive dentifrice has been 
suggested to cause wedge-shaped defects [4, 7, 23], al-
though some authors [13, 21] concluded that the wedge-
shaped defects were initially formed by the abrasion of 
the root dentin covered with cementum. Reisstein et al. 
[26] also reported that the enamel surfaces were free of 
scratches after brushing with dentifrice containing 
calcium carbonate as an abrasive. However, Kuroiwa 
(17] clinically found that daily brushing of enamel with-
out dentifrice over a long period of time after eruption 
of permanent teeth clearly retained the perikymata on the 
natural surfaces, whereas brushing with abrasive denti-
frice, available in Japan, caused the perikymata to dis-
appear. In addition, Kuroiwa et al. [18] found dentifrice 
containing calcium hydrogenphosphate and calcium car-
bonate caused shallower and wider engraved marks on 
enamel due to abrasion, while brushing without denti-
frice caused organic-mineral deposits derived from sali-
va to be embedded in the marks. 
The present laboratory study aims to observe and 
measure directly the abrasion of sound enamel as com-
pared with that of sound dentin after automatic brushing 
with and without abrasive dentifrice by means of a scan-
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Figure 1. A schematic illustration of the sampling 
procedure. 
ning electron (SEM) and a scanning laser microscope 
(SLM). 
Materials and Methods 
Twenty human permanent premolars, caries-free 
to the naked eye, extracted for orthodontic reasons from 
patients between 10 to 13 years old, were used. The 
teeth were fixed in 70% ethanol. For enamel and dentin 
samples, the mid-coronal enamel and the cervical dentin 
were used. Ten coronal and 10 cervical pieces, cut 
transversely with a diamond wheel, were embedded in 
epoxy resin (Buehler Epo-Mix Epoxide, U.S.A.) so that 
their buccal surfaces were adjacent to the resin surfaces. 
These buccal surfaces were ground tangentially with 
grindstones for the purpose of removing 'prismless' 
structures from the enamel surface [16] and exposing 
dentinal tubules such as wedge-shaped defects in the cer-
vical dentin. Finally, the surfaces were polished with 5 
and 0.3 J.Lm alumina on polishing cloths (Buhler). Thus, 
200-300 J.Lm of the outer layer of the mid-coronal sound 
enamel and 300-500 J.Lm of the outer layer of the cervical 
sound dentin were exposed (10 enamel and 10 dentin 
samples). They were trimmed to about 5 x 4 mm sample 
size with a diamond wheel. About one-third of these 
polished surfaces were covered with acrylic resin (GC 
Unifast, Japan). Figure 1 shows the sampling 
procedure. 
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Figure 2. A scanning electron micrograph of dentifrice 
containing calcium hydrogenphosphate as an abrasive 
used in this study. Bar = 20 J.Lm. 
A Braun dental d3 electric-automatic tooth-brush-
ing machine was used. The machine permits the chang-
ing of toothbrush head about 8 mm in width, and the 
brush movement is said to be mainly rolling about the 
long axis of the brush stem about 28° angle with a slight 
scrubbing motion, and the number of strokes is about 
3,300 per minutes. The brushing force against the 
enamel and dentin surfaces was selected to be about 120 
g by loading, which was included in an average of the 
tooth-brushing pressure [6], and the direction of the 
bristle movement was parallel to the covering acrylic 
resin (Fig. 1). Japanese commercial dentifrices mainly 
contain calcium hydrogenphosphate, calcium carbonate 
and alumina as abrasives, although silica based denti-
frices are commonly available in U.S.A. and Europe 
[10, 14, 25]. In this study, commercial dentifrice, 
commonly available in Japan (containing calcium hydro-
genphosphate as an abrasive agent with no fluoride, a 
Lion DRT toothpaste, Japan), was used for 7 enamel and 
7 dentin samples. Brushing with only distilled water at 
pH 7 .1, as a control, was also performed for the remain-
ing 3 enamel and 3 dentin samples. In each sample, the 
amount of dentifrice used was about 5 grams with 5 ml 
of distilled water or 5 ml water only, and the brushing 
time was 10 minutes. 
The resin covering the control surfaces was physi-
cally removed with tweezers and ultrasonically cleaned. 
The samples were dried for a few days in the air and 
coated with 15 nm of a platinum-palladium (Pt-Pd) layer 
in an Eiko IB-5 ion-sputtering apparatus. The specimens 
were observed with a Hitachi S-430 SEM operated at 20 
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Figure 3. Scanning electron micrographs of the enamel surfaces. Arrows show the demarcation lines between the 
unbrushed surfaces (Un) and the surfaces after brushing with water only (Wt in a) and abrasive dentifrice (Df in b). 
c: Brushing with abrasive dentifrice. R: remnant of resin cover; S: toothbrush scratch; P: prism structures. Bars = 
20 µm (a, b) and 5 µm (c). 
kV accelerating voltage. The surfaces were then photo-
graphed with a Lasertec 1L21H confocal scanning laser 
microscope (SLM) and the surface profiles were random-
ly measured by the SLM fitted with a Lasertec lZCl 
surface profile system. Such a system has already been 
used for measurements of osteoclastic resorption lacunae 
(3, 12] and those of engraved scrathes on tooth enamel 
brushed with and without abrasive dentifrice [ 18]. The 
dentifrice, placed on a carbon sample holder, was dried 
in the air and analyzed qualitatively with a Hitachi S-
2500CX SEM fitted with a Kevex Delta 4 energy disper-
sive X-ray (EDX) detection system after carbon coating 
in a Hitachi HUS-SGB high vacuum evaporator. On the 
other hand, the other dried dentifrice, coated with a Pt-
Pd layer, was observed with a Hitachi S-430 SEM. 
Results 
Figure 2 is the SEM micrograph of the abrasive 
dentifrice used in his study. The dried dentifrice was 
composed of fine grains and larger multi-angular plates. 
Their sizes varied widely from under 1 µm in minimum 
diameter to about 30 µm in maximum length. Calcium 
(Ca) and phosphorous (P) contents were detected in the 
agent with the SEM-EDX, but elements such as fluorine 
(F), silicon (Si), aluminum (Al), or others were absent. 
Figures 3a-c are the SEM micrographs of the 
enamel surfaces. The left-sides of Figures 3a and b are 
the unbrushed surfaces which have been covered with 
resin, while the right-sides are the surfaces brushed with 
and without abrasive dentifrice. Under brushing with 
only distilled water (Fig. 3a), no changes werr. distin-
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guishable, while toothbrush scratches appeared (Figs. 
3b, 3c) and prism structures were frequently observed on 
the surfaces that had been brushed with abrasive denti-
frice (Fig. 3c). 
Figures 4a and b are the SLM micrographs of the 
enamel surfaces photographed at 500 x magnification. 
The left and the right-sides show the unbrushed and the 
brushed surfaces, respectively. Abrasion of the_ enamel 
surfaces brushed with water only was too small to be 
measurable (Fig. 4a). On the enamel surfaces brushed 
with abrasive dentifrice, prism structures were frequent-
ly observed appearing similar to an arrangement of pav-
ing stones (Fig. 4b). 
In the example of Figure 4b, the irregular tracing 
that indicates the surface profile, follows the transverse 
straight line and shows a slight step between the un-
brushed and the brushed surface. The upper dotted and 
lower broken lines on either side of the stepped line are 
the means of the maximum and minimum levels in 
height, respectively. The vertical distance between these 
lines is used as the abrasive loss of the enamel. The 
abrasive loss was 1.06 µm in depth. Based on such a 
SLM micrograph with a surface profile, the distances be-
tween the unbrushed and the brushed enamel surfaces 
were measured along 3 lines of each of the 7 samples (n 
= 21). The mean depth was 1.01 ± 0.12 µm (Table I). 
Figures Sa and b are examples of the surface pro-
file measurements with the SLM at 2,000 x magnifica-
tion on the enamel surfaces brushed with water only 
(Fig. Sa) and abrasive dentifrice (Fig. Sb). The irregu-
lar lines trace the surface profile along the transverse 
straight lines. The upper dotted and lower broken lines 
on either side of the irregular lines are the means of the 
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Figure 4. Confocal scanning laser micrographs of the 
enamel surfaces. Arrows show the demarcation lines be-
tween the unbrushed surfaces (Un) and the surfaces after 
brushing with water only (Wt in a) and abrasive denti-
frice (Df in b). In a, there is no difference between Un 
and Wt. In b, prism structures on Df show an arrange-
ment similar to paving stones. The irregular line (in b) 
tracing the surface profile along the transverse straight 
line shows a slight step between Un and Df. The upper 
dotted and lower broken lines on either side are the 
means of the maximum and minimum levels in height, 
respectively. The vertical distance between these lines 
is the abrasive loss of the enamel (1.06 µm in depth). 
R: remnant of resin cover; M: microwear during sample 
preparation. in b: Horizontal bar (length) = 20 µm and 
vertical bar (height) = 2 µm. 
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Figure 5. Scanning laser micrographs of the enamel 
surfaces after brushing with water only (a) and abrasive 
dentifrice (b). In a, microwear (M) during sample prep-
aration are visible. In b, prism structures (P) are seen. 
Irregular lines trace the surface profiles along the trans-
verse straight lines. The upper dotted and lower broken 
lines on either side are the means of the maximum and 
minimum levels in height, respectively. The vertical 
distances between these lines, i.e., the roughness, are 
0.12 (a) and 0.69 µm (b) in depth. Horizontal bars 
(length) = 5 µm and vertical bars (height) = 0.2 µm. 
maximum and minimum levels in height, respectively. 
The roughness, i.e., the vertical distances between these 
lines of the enamel brushed with water only and abrasive 
dentifrice measured 0.12 µm (Fig. Sa) and 0.69 µm 
(Fig. Sb) in depth. 
Along a line of each of the 3 samples, the rough-
ness of the unbrushed and the water-brushed enamel sur-
faces was, respectively, 0.10 ± 0.02 and 0.10 ± 0.03 
µm in depth (Table 2). Thus, there was no significant 
difference between them on the enamel surfaces brushed 
with abrasive dentifrice. The roughness, based on tooth-
brush scratches and prism structures (Figs. 3b, 3c, Sb), 
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Table 1. Abrasion of enamel after automatic brushing 
with abrasive dentifrice for 10 minutes. Surface profile 
measurements with the SLM at 500 x magnification (see 
Fig. 4). 
Sample No 
Mean ± S.D. (n = 3) 
Total (n = 21) 
Depth (µm) 
0.91±0.11 
0.91 ± 0.37 
0.92 ± 0.04 
0.98 ± 0.21 
1.09 ± 0.15 
1.13±0.18 
1.20 ± 0.12 
1.01 ± 0.12 
Table 2. Roughness of the enamel surface before and 
after automatic brushing with and without abrasive den-
tifrice for 10 minutes. Surface profile measurements 
with the SLM at 2,000 x magnification (see Fig. 5). 
Non-brushing 
(Control) 
Depth 0.10 ± 0.02 3 
in µm (n) (3) 
Brushing with 
Water only Dentifrice 




Mean ± S.D. a,bp < 0.01 versus c; no difference 
between a and b. 
Table 3. Abrasion of dentin after automatic brushing 
with abrasive dentifrice for 10 minutes. Surface profile 










Mean ± S.D. (n=3) 
Total (n = 21) 
Depth (µm) 
6.20 ± 0.78 
6.67 ± 3.78 
11.05 ± 5.08 
13.40 ± 3.93 
13.50 ± 4.69 
18.73 ±10.05 
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Figure 6. Scanning laser micrographs of the dentin sur-
faces. Arrows show the demarcation lines between the 
unbrushed surfaces (Un) and the surfaces after brushing 
with water only (Wt in a) and abrasive dentifrice (Df in 
b). In a, microwear (M) during sample preparation on 
Un are more distinguishable than Wt. The roughly 
curved line in b indicates the surface profile along the 
transverse straight line. The upper dotted and lower 
broken lines on either side are the means of the 
maximum and minimum levels in height, respectively. 
The vertical distance between these lines is the abrasive 
loss of the dentin (36. 77 µm in depth). R: remnant of 
resin cover; T: dentinal tubule. b: Horizontal bar 
(length) = 20 µm and vertical bar (height) = 8 µm. 
' 
was 0.65 ± 0.19 µmin depth along a line of each of the 
7 samples (n = 7; Table 2). There was a significant dif-
ference (p < 0.01) in roughness between the surfaces 
brushed with and without abrasive dentifrice according 
to Student's t-test. 
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Figure 7. Scanning electron micrographs of the dentin surfaces: a: non-brushing; b: brushing with water only; and 
c: brushing with abrasive dentifrice. T: dentinal tubule; ID: intertubular dentin. Bars = 1 µm (a-c). 
Figures 6a and b are the SLM micrographs of the 
dentin surfaces under 500 x magnification. The left and 
the right-sides show the unbrushed and the brushed sur-
faces, respectively. When brushed with only distilled 
water, the abrasion cannot be measured although micro-
wear-marks during sample preparation are reduced (Fig. 
6a). By brushing with abrasive dentifrice, the dentin 
surfaces are clearly attrited. 
In the example of Figure 6b, the roughly curved 
line shows the succession of dentin abrasion along the 
transverse straight line from the unbrushed to the 
brushed surface. The upper dotted and lower broken 
lines on either side of the curved line are the means of 
the maximum and minimum levels in height, respective-
ly. The abrasive loss was 36.77 µmin depth. The mean 
depth was 15. 16 ± 10. 74 µm along 3 lines of each of 
the 7 samples (n = 21; Table 3). In the roughness 
measured from the surface profiles with the SLM, there 
was no difference between the unbrushed and the 
brushed surfaces (Fig. 6b). 
Figures 7a-c are the SEM micrographs of the den-
tin surfaces under 10,000 x magnification. The surfaces 
of the intertubular dentin brushed with water only (Fig. 
7b) were smoother than the unbrushed surfaces (Fig. 
7a), while the surfaces brushed with abrasive dentifrice 
(Fig. 7c) were rougher than the unbrushed surfaces. 
Discussion 
Stookey and Muhler [30] using radiotracer 32P re-
ported that the abrasion of the enamel by brushing with 
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commercial dentifrices containing calcium hydrogen-
phosphate and brushite was about 2 to 20% of that of the 
dentin. These data mean that brushing with such denti-
frices more or less causes the enamel to wear. 
Mannerberg [20] using light microscopy on replicas ob-
served toothbrush scratches and prism structures on the 
enamel brushed with abrasive dentifrice. However, the 
radiotracer technique used by Stookey and Muhler [30] 
might not show definite abrasion of the enamel because 
the evaluation of 32P in the enamel differed from that in 
the dentin due to the differences in density and chemical 
composition between the enamel and the dentin [2, 11, 
15, 22, 29]. 
In the present laboratory study using the surface 
profile measurements with the scanning laser microscope 
(SLM), automatic brushing with only distilled water for 
10 minutes showed no abrasion on either the sound den-
tin or the enamel (Figs. 4a, 6a). On the other hand, the 
abrasion of the enamel brushed with dentifrice contain-
ing calcium hydrogenphosphate was definitely shown to 
occur with a mean depth of about 1.0 µm (0.1 µm/min; 
Table 1), while the mean depth in the abrasion of sound 
dentin was about 15 µm (1.5 µm/min; Table 3) although 
a great variance among the samples was seen. Student's 
t-test showed that there was a significant difference (p 
< 0.01) between them (Tables 1, 3). The abrasion of 
enamel was found to be approximately 7% of that for 
dentin (1.0 µm/15 µm), which is in reasonable agree-
ment with the data (2 to 20%) of Stookey and Muhler 
[30]. In our surface profile measurements with the 
SLM, the roughness on the enamel surfaces brushed with 
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the dentifrice was about 0.6 to 0.7 µm (Table 2) due to 
the appearance of prism structures and toothbrush 
scratches (Figs. 3b, 3c, 4b, 5b) [14, 18]. From the high 
magnification SEM micrographs (Fig. 7), the roughness 
on the dentin brushed with the dentifrice also was re-
markable, although no surface profile measurements 
with the SLM were made (Fig. 6b), because the rough-
ness was a fine structural change (Fig. 7c). 
Kliippel et al. [14], who studied the cosmetic-
cleaning of teeth using toothpastes containing alumina 
and silica as abrasives, reported that the ratio of dentin 
to enamel abrasion ranged from 14 to 59% in commer-
cial toothpastes commonly used, except for one example 
showing 163% abrasion. Their data were higher than 
those of a previous report [30] and our present study. 
Some of their [14] data are unreliable when considered 
from the ratio of dentin to enamel in microhardness [5, 
15] and in mineralization [2, 11, 15, 22, 29]. 
In Japan, commercial dentifrices containing alu-
mina are also marketed. Stookey and Muhler [30] 
showed that abrasive alumina had a stronger abrasion 
than calcium hydrogenphosphate used in this study. 
According to Harte and Manley [10], silica used as an 
abrasive agent showed about 1/2 to 2/3 of the abrasivity 
of calcium hydrogenphosphate in human dentin, although 
no silica-based dentifrice was used in this study. We 
merely recognize in Kliippel's study [14] that there was 
abrasion of the enamel by brushing with toothpastes, but 
the enamel abrasion will be of little use in preventive 
dentistry [17, 18]. 
When automatic brushing in situ is performed on 
the same small area of the enamel for 3 sec/day, the 
automatic brushing of 10 minutes (600 seconds) in vitro 
corresponds to the period of 200 days { 600 sec / (3 
sec/day)} or about 7 months in the oral cavity. The 
stroke rate of the automatic brush is about 55/sec 
(33,000/600 sec). When someone automatically or man-
ually brushes one's teeth, one uses about 55 brush 
strokes/day on the same small area. At that rate, it 
would take one about 20 months to accumulate the same 
number of brush strokes (33,000/55/day = 600 days) as 
is accomplished during automatic brushing for 10 min-
utes. In that period, approximately 1 µm of the enamel 
and 15 µm of the exposed dentin may be lost under 
brushing with dentifrice containing calcium hydrogen-
phosphate. When using a silica-based dentifrice, the 
abrasion depth of the enamel and the dentin might be 
shallower [ 1 O]. 
In this study, the enamel samples of permanent 
premolars extracted from young patients were taken 
from the polished outer layers for the purpose of re-
moving the surface 'prismless' enamel [16]. Therefore, 
the abrasion may be larger than that of the natural sur-
faces of old and also young teeth, because of the differ-
ences in mineral contents [27], microhardness [32], 
structures [16], and aging [11, 31]. Under brushing 
with water only, however, prism structures and tooth-
brush scratches never appeared on the outer enamel sur-
faces (Figs. 3a, 4a, Sa) [18]. In addition, the dentin 
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surfaces became smoother (Figs. 6a, 7a, 7b) probably 
due to the formation of a smear-like layer [24]. 
In conclusion, the roughness of enamel formed by 
brushing with an abrasive dentifrice is apt to induce 
plaque attachment on the surfaces when the brushing is 
stopped for a time. On the other hand, the cervical den-
tin covered with a thin enamel layer will sooner or later 
be exposed following the exposure of the root dentin 
covered with cementum, when strong hand or automatic 
tooth-brushing is fully performed with an abrasive denti-
frice [4, 7, 23], especially for the purpose of cosmetic 
cleaning [14]. Such cases may be seen even under con-
ditions of sound teeth without previous exposure to large 
amounts of low-pH beverages [28]. 
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Discussion with Reviewers 
Reviewer I: Although the morphological pictures look 
nice, the paper is of minor importance, because only one 
toothpaste is studied and the toothpaste used is not well 
defined and differentiated from the other toothpastes. 
J. D. Fairing: For this study to be significant several 
fully characterized commercial toothpastes should be 
used. 
Authors: Commercial dentifrices, commonly available 
in Japan, mainly contain calcium hydrogenphosphate, 
calcium carbonate and alumina as abrasives. Silica-
based dentifrices which are commonly available in 
U.S.A. and Europe are not available in Japan. In the 
Discussion of this paper, we compared the abrasivity of 
the dentifrice containing calcium hydrogenphosphate 
used in this study with that of the alumina-containing 
and silica-based dentifrices used by previous investiga-
tions [ I 0, 30]. Future studies will be focussed on the 
relation between the abrasive depth of dentin and the 
ratio of occluded dentinal tubules after brushing with 
dentifrices containing silica, alumina, calcium carbon-
ate, and calcium hydrogenphosphate as abrasives; in 
addition to non-abrasive dentifrice. 
J. K. Avery: Please explain how you assure that the 
paste is evenly distributed to the tooth surface during the 
period of brushing? 
Authors: During brushing, we sometimes scraped up 
the toothpaste in the brush bristles with a writing brush. 
S.H. Ashrafi: What physical method was used to re-
move the resin from the control surfaces and how did 
you avoid the artifacts created on the surface below the 
resin? 
Authors: The tip of tweezers was inserted between the 
resin and the control enamel or dentin surface and the 
resin was picked up. The GC Unifast acrylic resin is 
mainly used for the restoration of artificial teeth. This 
resin, composed of relatively large particles (see Fig. 
3a), is characteristic of non-adhesion on smooth sur-
faces, but it is bound with interdigitation. In this study, 
as shown in Figures 3, 4, and 6, and Table 2, the con-
trol surfaces were smooth although the resin was occa-
sionally retained in the periphery (Figs. 3a, 4a, 6a). 
